Effect of metal intermixing on the Schottky barriers of Mo(100)/GaAs(100) interfaces I. INTRODUCTION Advances in the area of miniature microelectronic devices, such as nano-scale transistors, depend on the development of technologies that can provide higher electron mobilities and, at the same time, overcome the heat dissipation barriers in electrical contacts. 1 In turn, this requires metal-semiconductor interfaces that are Ohmic, have low resistance, and compatible with the device dimensions. Unfortunately, most metal-semiconductor interfaces form the Schottky barriers. Approaches to minimizing Schottky barrier height (SBH) are, therefore, of great interest. [2] [3] [4] Transistors based on III-V semiconductors possess a higher channel mobility than the traditional silicon variants and are expected to form the basis of the next generation of transistors. 5 It was recently shown 6 that thin layers of III-V semiconductors can be integrated into the existing silicon-based architecture. However, further advances along this path are held back by the lack of a low resistance nanoscale contact between the source/drain and the III-V channel. Although Ohmic metal/III-V semiconductor interfaces have been reported, 3 without a detailed characterisation of their electronic structure, the origin of the low contact resistance remains unclear. 7, 8 Early studies of Mo films grown on (100) surface of GaAs using electrodeposition, 9 molecular beam epitaxy (MBE), 10 ion sputtering, 11 and atomic layer deposition (ALD) 12 suggest that the Mo/GaAs interfaces show the Schottky rectifying behavior with n-type SBH values in the range of 0.55-0.9 eV (according to the I-V measurements) and 0.9-1.3 eV (according to the C-V measurements) depending on the growth conditions. 11 Meyer et al. and Batev et al. also showed that the Mo can form compounds with the GaAs, but only if subjected to temperatures greater than 800 K and thus, limit the temperature of their depositions to less than 800 K. These various experimental results for the SBH show two key features, first, that the spread of results indicates that subtle variations in growth conditions can change the SBH and the second is that the C-V and I-V measurement techniques present two differing values, which has been attributed to non-uniformity at the interface, due to the approximations used. 13 More recently, it has been shown that contacts formed by Mo metal deposited in situ using solidsource MBE on In x Ga 1-x As alloys are Ohmic and show resistance as low as 0.5 6 0.3 X lm 2 . 3 This result has been also been reported by Kim et al. 14 who report a record device performance with Mo Ohmic contacts with a resistance of 7 X lm.
Theoretical and computational modeling of interfaces is often focused on idealized structures. At the same time, it is well known that surface chemical reactions, together with high substrate temperatures and non-negligible kinetic energies of impinging species typical for film deposition techniques, result in intermixed interfaces. 15 In the case of a metal film grown on a semiconductor surface, migration of metal atoms into the semiconductor can be expected. 2, 15 Microscopic descriptions of metal indiffusion are critical to understanding these interfaces. 13, 15, 16 Here, we use ab initio simulations based on the density functional theory (DFT) to investigate the effect of metal diffusion on our chosen example of Mo(100)/GaAs(100) interfaces.
II. COMPUTATIONAL METHOD
Mo/GaAs interfaces were modeled using the periodic heterostructures formed by a slab of n atomic planes of the bulk Mo metal and a slab of m bilayers of GaAs. The majority of the results presented below are obtained for the heterostructure with n ¼ 5 and m ¼ 8 (denoted as M5GA8). Both slabs are terminated with (001) surfaces. Such heterostructures contain interfaces formed by the Ga-and Asterminated surfaces of GaAs with Mo. The Mo slab was rotated and translated in the plane of the interface so as its h100i vector forms 11.4 angle with h110i vector of GaAs in order to generate commensurate low-strain Mo/GaAs interface. In a) addition, energy changes due to the translation of the Mo and GaAs slabs with respect to each other were found to be insignificant compared to the binding and reconstruction energies.
The calculations were carried out using the PBE exchange-correlation functional 17 and the projected augmented waves method 18 implemented in the Vienna ab initio simulation program. 19 A plane-wave basis set with the 500 eV energy cutoff and 5 Â 5 Â 2 Monkhorst-Pack k-grid were used. The total energy of each system was minimized with respect to the internal coordinates and the lattice parameters. The SBH was calculated following the standard approach, which relies on referencing the relevant energies to the local potential as described elsewhere. 20, 21 Furthermore, to provide further evidence as to the value of the SBH, we also carried out calculations using the HSE06 22 hybrid functional and note that the SBH does not change with the choice of functional. While the results presented below are obtained for the M5GA8 heterostructure, similar properties are obtained for a range of heterostructures with the Mo slab thickness varying between 3 and 9 atomic planes and the GaAs slab thickness ranging from 4 to 12 bilayers. Fig. 1 shows the atomistic structure of the M5GA8 heterostructure both prior to and after relaxation. The Mo part of the interface is little perturbed with respect to the ideal bulk lattice. This is consistent with the high cohesive energy of the bulk Mo: 7.03 eV per atom in our calculations and 6.84 eV according to the experimental measurements. 23 In contrast, the near-interface Ga and As atomic planes undergo dramatic relaxation. (For comparison, the calculated and experimentally measured 24 cohesive energies of GaAs are 3.16 and 3.0 eV, respectively.)
III. RESULTS AND DISCUSSION
To demonstrate the character of this relaxation better we show the arrangement of the As and Mo atoms near the Asterminated interface in Figs. 1(a) and 1(b) and the corresponding Ga-terminated interface in (c) and (d). As a result of the energy minimization, the As atoms in the outermost plane displace into the bcc lattice sites continuing the tessellation of the Mo lattice. The distance across the interface between the As and Mo atoms across the interface ranges between 2.5 and 2.8 Å . This distortion results in the As-As distances being up to 0.9 Å smaller than the distance between the same atoms in the bulk GaAs. Ga ions in the second plane from the interface are also displaced and the distances between them and the nearest As atoms are increased by up to 0.2 Å when compared to the bulk GaAs. Similar behavior is observed at the Ga-interface, with the Ga-Ga atom interatomic distance is reduced by up to 0.7 Å . Such relaxation can be rationalised as the "hard" Mo film inducing the strong deformation of the near-interface region in the "soft" GaAs lattice. This suggests that the strain induced by the GaAs substrate on the Mo film is negligible. Therefore, the Mo growth mode is determined by the relative magnitudes of the bulk cohesive energy and formation energies of surfaces. Since the formation energy for Mo(100) surface is 0.21 eV/ Å 2 , 25 Mo is expected to grow in a layer-by-layer mode, which is consistent with experimental data. 11 To calculate the formation energy of the Ga-and Asterminated interfaces with Mo, we follow the standard procedure for polar interfaces 26 E f ¼ E T À n Mo l Mo À n GaAs l GaAs 6 n As l As ;
(
where E T is the total energy of the combined heterostructure, n Mo is the number of Mo, l Mo is the chemical potential of Mo (atomic energy of Mo in its bulk state), n GaAs is the number of GaAs pairs, and l GaAs is the chemical potential of GaAs (the total energy of a pair of GaAs atoms in bulk). For systems with identical terminations, n As is the difference between the number of As and Ga atoms. The chemical potential of As is then calculated either from bulk As (Asrich conditions), or from l As ¼ mu GaAs -l Ga , where l Ga is calculated from bulk Ga and corresponds to Ga rich conditions. Hence, we considered a system consisting of 3 monolayers of Mo and 7 bilayers of GaAs with an additional either Ga or As layer resulting in a heterostructures, where the GaAs slab has two either As-terminated or Ga-terminated surfaces. The calculated formation energy of the Mo/As interface is 0.07 eV/Å 2 in the As-rich limit and 0.09 eV/Å 2 in the Ga-rich limit. The formation energy of the Mo/Ga interface is 0.10 and 0.12 eV/Å 2 for the Ga-and As-rich limits, respectively. These high formation energies (compared to other GaAs interfaces 20 ) are a result of the GaAs atoms being significant distorted from their bulk structure. Bader analysis [see Fig. 2 (a)] suggests that electron density is transferred from the near-interface Mo atomic plane to the two nearest atomic planes of GaAs. As expected, in both Ga-and As-terminated interfaces, most of the transferred charge is associated with the Ga atoms, which provide the dominant contribution to the bottom of the GaAs conduction band. Due to the higher electronegativity of As, a greater amount of charge, as calculated for the bi-layer adjacent to the interface, is transferred across the Mo-As interface (À5:0 jej) than across the Mo-Ga interface (À3:3 jej). As a result, the average charge on the As atoms increases from the bulk value of À0:67 jej to À0:72 jej and À0:94 jej for the Mo-Ga and Mo-As interfaces, respectively. Similarly, the Ga atoms become negative as their charge changes from the bulk value of þ0:66 jej to À0:37 jej (Mo-As) and $ À 0:1 jej (Mo-Ga). As a result of the charge transfer, the electrostatic interaction between the near-interface As and Mo becomes stronger, which is reflected in the larger displacements of the As atoms towards the Mo film than the Ga. According to the theory of metal-semiconductor interfaces (see Monch 27 and references therein), this charge transfer results in the formation of metalinduced gap states (MIGS), which are discussed below.
The electronic density of states projected on each atomic layer (LPDOS) is shown in Fig. 2(b) . The LPDOS for the atoms in the bilayers adjacent to the interfaces show nonzero density of states at the Fermi energy indicating that the near-interface region of the GaAs becomes conductive. Moreover, the LPDOS in the GaAs part of the heterostructure near the interface is similar to that of the bulk Mo part. This suggests that the closure of the GaAs band gap in this region is induced by the Mo states extending into the GaAs (the MIGS) rather than by the Mo-induced rearrangement of the Ga and As atoms. However, a band gap appears 5.7 Å away from the interface in the semiconductor region and it increases with increasing distance from the Mo layer and reaches its theoretical bulk value at 11.3 Å .
To quantify the effect of the atomic rearrangement on the GaAs band gap, we calculated the LPDOS for the GaAs slab alone in the atomic configuration obtained for the Mo/ GaAs heterostructure, which showed several small gaps in the LPDOS for the surface layer, whereas the LPDOS for the GaAs atoms in the heterostructure has no zero states. Hence, we can state that the atomic reconfiguration of the GaAs (compared to its ideal bulk structure) is insufficient to produce the continuous LPDOS shown in Figure 2 for the GaAs bilayers adjacent to the interface. An additional contribution to the LPDOS in the GaAs region comes from the MIG states extending into the GaAs. These MIGS can be seen in Figure  2 as the continuous non-zero LPDOS for the GaAs layers adjacent to the interface. The contribution of these states to the LPDOS decreases with increasing distance from the interface. However, importantly, they only appear in the presence of the metal. The extent of the charge transfer at the interface can be quantified using the Bader analysis of the charge density, which suggests that %6:2 jej=nm 2 are transferred from the Mo slab into the GaAs region. Hence, for the combined Mo/GaAs structure, we can state that the lack of a band gap in the LPDOS in the adjacent bilayers of the GaAs to the interface is due to the MIGS, not the atomic rearrangement.
To calculate the SBH, we compare two systems consisting of 5 monolayers of Mo and 6 bilayers of GaAs with an additional either Ga or As layer resulting in heterostructures, where the GaAs slab has two either As-or Ga-terminated surfaces. For the Ga-terminated interface, we calculate the ptype SBH to be 0.1 eV and for the As-terminated interface, we find the SBH to be 0.2 eV. Thus, given the multitude of terminations for GaAs, we expect the variation in the SBH to 0.1-0.2 eV depending on the conditions the GaAs is grown in. From these values, the n-type SBH is implied to be 1.2-1.3 eV (using a scissoring technique 21 and the bulk band gap of GaAs (1.42 eV) at room temperature). The n-type SBH matches with the high end of the range of values determined using the capacitance measurements by Meyer, 11 who also measured a value of 1.3 eV for their SBH. However, this is one of a range of values reported 10 and the result presented here clearly does not account for this range.
In the main message of this paper, we focus on the effect of the mixing of Mo into the GaAs region. We study this by adding a Mo interstitial to the M5GA8 unit cell at various sites and calculating the resulting properties such as formation energy and Schottky barrier height. These Mo interstitials act as ntype dopants, which change the resultant properties of the interface. The formation energy per unit cell of the Mo interstitials is defined as
where E T,I is the total energy of the heterostructure with a Mo interstitials in the GaAs region, E H is the total energy of the heterostructure without the interstitial, and l Mo,i is the chemical potential of Mo (taken as the total energy of an isolated Mo atom). Our calculated values for the formation energies of the interstitial Mo atoms as a function of distance from the interface are shown in Fig. 3(a) . The formation energy fits an exponential decline indicating that the MIGS and the resultant charge transfer are responsible for the lowering of the formation energy when compared to the bulk value of Mo interstitials in GaAs.
Our results suggest that Mo interstitials in Mo/GaAs structures can be assigned to one of the three types. (i) Mo atoms adjacent to the interface, (ii) Mo atoms located away from the interface but in the region affected by the MIG states, and (iii) Mo atoms located far from the interface. These are shown in Figure. 3.
Type I interstitials consist of an additional Mo atom adjacent (i.e., within 3 Å ) to the interface. These atoms are not true interstitials, as they conform to the same bcc structure as the Mo slab and the distorted adjacent bilayer of GaAs similar to what is shown in Figs. 1(b) and 1(d) . This positioning of the Mo interstitial is due to the very high cohesive energy of Mo, which makes it favourable for a Mo atom to occupy a site corresponding to the bulk Mo lattice. These Mo will tend to be 0.1 Å closer to As atoms than Ga atoms, but the dominating geometric consideration is the continuation of the Mo bcc structure. In addition, introducing these Mo atoms reduce the strain in both the Mo layer and the GaAs layer by up to 1% depending on its exact location in the GaAs plane.
Analysis of the LPDOS (see Figure 3 (b)) and charge density show that Type I defects extend the reach of the MIGS in the GaAs by an additional bilayer. The figure also shows the interstitial's PDOS reflects that of the metallic Mo region, further supporting the Mo becoming a continuation of the Mo slab.
The small variation in SBH shown in Fig. 3 for Type I interstitials is due to the different numbers of Ga and As atoms adjacent in the local environment of the interface. We find that, in general, this atomic scale protrusion decreases the n-type SBH by %0.1 eV.
By comparing the highly favorable formation energy (À14 eV per unit cell) of these interstitials with the cohesive energy of bulk Mo (7.0 eV per atom), we can infer that Mo layers grown with these intrusions into the GaAs are energetically far more likely than abrupt interfaces. Hence, these interfaces are likely to include Mo protrusions in agreement with Blank et al. 2 who discuss that much larger protrusions lead to short circuits in devices.
Type II defects are classed as Mo interstitials located between 3 and 9 Å away and are defined by two requirements: (i) the interstitial Mo atoms are not directly bound to the Mo slab and (ii) their location lies in the GaAs region in the original system (shown in Fig. 1) , where the corresponding LPDOS has MIGS and no band gap.
This interstitial Mo atom occupies a site approximately at the center of the cage in the GaAs zinc-blende structure with a slight shift towards both the Mo slab and the adjacent As atoms. The resulting Mo-As and Mo-Ga distances are 2.4-2.7 Å and 2.5-2.6 Å , respectively, with very little distortion on the adjacent GaAs.
The LPDOS for these structures appears as a mix of Types I and III, with the overlap between MIGS and the Mo defect states unclear due to heavy intermixing of the two sets of states. Examining the LPDOS for these structures reveals that the opening of the band gap occurs much further (up to 16 Å from the interface) into the semiconductor depending on the location of the interstitial. Bader charge analysis also shows that these Type II Mo interstitials act as n-type dopants, transferring %0:8 jej to the surrounding GaAs, mainly the nearest As atoms and not to the Mo slab region.
The formation energy of Type II defects is lower by up to 5 eV compared to Type III and Mo interstitials in bulk GaAs, as seen in Fig. 3 . This is due to the overlap of the MIGS with the interstitial's states. Comparison of these energies with those of oxygen defects 28 suggests that Type II interstitials are present at interfaces, but in reduced quantities compared to Type I.
Type III interstitials are located at a distance greater than 9 Å from the interface (i.e., outside the range of MIG states induced by the Mo slab) are similar to those in the bulk GaAs. The energies of formation of such defects are between 0 and À2 eV with the small variation being due to the slight variation in the cell geometry, and slight tail off of the MIGS (due to the exponential decay). Figure 3(c) shows the change to the LPDOS when an isolated Mo interstitial atom is introduced into GaAs region of the supercell far from the interface. From the figure, we can clearly identify interstitials defect states (D-states in Fig. 3 ) and MIGS. The electronic states induced by an isolated Mo defect atom spread as far as three atomic planes away from the interstitial site.
For Type III, interstitials show three key features: (i) the electrons in these interstitials are localized in directional bonds between the Mo and As atoms; (ii) the metallic states in the Mo slab are unaffected by the Mo interstitials; and (iii) the Mo atom donates 0:8 jej to the surrounding system, with the majority being donated to the local GaAs and up to 0:1 jej is transferred to the Mo slab.
The Mo interstitial atom is located closer to the As (2.5 Å ) than the Ga atoms (2.6 Å ) slightly distorting the local structure. This distortion is smaller than observed in Type I and Type II cases. Compared to GaAs bulk, the tetrahedral structure surrounding the interstitial is slightly distorted causing the Ga-As-Ga bond angle to increase to 115 on average and decrease the As-Ga-As bond to less than 108 . Figure 3(a) shows the SBH for the Mo(100)/GaAs(100) system as a function of distance between the Mo slab and the Mo interstitial. The interstitials act as n-type dopants, which result in the Fermi level moving towards the conduction band. Type I interstitials are in effect part of the Mo slab, and as such, the SBH shift is minimal. Type II interstitials lie in the region of the MIGS, which provide additional charge to the region and effectively mask the n-type doping. This effect reduces the SBH slightly. Finally, Type III acts as pure n-type dopants, which result in an increase in the Fermi energy when compared to the ideal case and hence a decreased SBH. These results show that the discrepancy and range of results for Mo/GaAs SBH reported previously is due to the migration of Mo interstitials into the GaAs, which is dependent on growth directions. This is in clear agreement with the hypothesis of Coskun et al., who suggest that intermixing and non-abrupt contacts cause the variation in experimental SBH data. 13 
IV. CONCLUSION
The electronic properties of the Mo(100)/GaAs(100) interface have been explored using ab initio simulations. We find due to the strong interaction at the interface that the local configuration of Ga and As atoms is considerably different from their bulk structure. We believe this to be due to the strong interaction of the Mo slab with the adjacent GaAs atoms. We have also explored the effect of Mo interstitials in the GaAs region on the properties of Mo/GaAs interfaces. The low energies of formation for these interstitials suggest mean that abrupt interfaces are very unlikely and that protrusions of the Mo into the GaAs can be expected. The low formation energy of these protrusions is due to the very high cohesive energy of the Mo atoms when compared to the GaAs. These interstitials both reduce lattice strain and also decrease the n-type SBH due to the additional n-type doping they introduce into the GaAs region. As such, the Mo interstitials change the SBH by up to 0.4 eV providing strong evidence to the cause in the range of reported results in the literature for different samples. Finally, our results show that metal/semiconductor contacts modelled as for abrupt interfaces will not produce accurate results for the electronic properties, as intermixing and doping effects will significantly change these. Hence for the further development of metal/ semiconductor contacts and their modelling, the diffusion of the metal into the semiconductor is critical to understanding the SBH and hence the resultant device properties.
